Diarrheal disease is a major public health problem throughout the world, with over two million deaths occurring each year, mostly children under 5 years of age in developing countries (49) . There is a wide range of recognized enteric pathogens such as viruses, bacteria, and parasites that cause diarrhea. Among bacteria, Shigella spp. and diarrheagenic Escherichia coli (DEC) are the most common causes of diarrheal diseases in developing countries (11) .
DEC has been divided in to six groups: verocytotoxin-producing E. coli (VTEC), attaching and effacing E. coli (A/EEC) including enteropathogenic E. coli (EPEC), enterotoxigenic E. coli (ETEC), enteroinvasive E. coli (EIEC), enteroaggregative E. coli (EAggEC), and diffusely adherent E. coli (36) . These Shigella and DEC groups have a variable importance of causing diarrhea, depending on geographical location and immune status of the host. Shigella globally has the highest incidence in children less than 5 years old and is the cause of 10% of all diarrheal episodes in this age group (11) .
ETEC is one of leading causes of dehydrating diarrhea among weaning infants in the developing world. These children had two to three episodes of ETEC each of the first 2 years of life, which represents greater than 25% of all diarrheal illness and results in an estimated 700,000 deaths each year.
ETEC is also the major cause of travelers' diarrhea (11) . VTEC is now recognized as a global health problem since it causes outbreaks around the world. This has mainly been documented in developed countries, and its effect in developing countries is unknown (11, 36) . EIEC may have high prevalence in remote areas or cause outbreaks (20, 65) . EAggEC is an increasingly recognized enteric pathogen and is the cause of acute or persistent diarrhea in children and adults in both developed and developing countries (36) . A growing number of reports have described EAggEC outbreaks (19, 69, 72) , and many reports have implicated EAggEC as a cause of sporadic diarrhea (41, 46) . EPEC is an important cause of childhood diarrhea in developing countries (30, 48) . However, the role of A/EEC and nonclassical EPEC O:H serotypes in childhood diarrhea is still questioned. Some nonclassical EPEC eae-positive serotypes have been reported to be associated with diarrhea (7, 17, 21, 47, 58) and may be named as "new EPEC." The prevalence and significance of new EPEC and A/EEC in childhood diarrhea is not well understood and seems to differ between countries (36) . Some case-control studies have not been able to demonstrate any significant association between A/EEC and diarrhea (14, 52) , although an association between A/EEC and prolonged diarrhea was found (2) .
Etiological studies of diarrheal diseases have been done in Vietnam (25, 39) , which have not identified all six DEC groups. Another study found that ETEC and EPEC were major causes of acute diarrhea, accounting for 25 and 45% of acute diarrhea pathogens in Tu Liem district and in a pediatric hospital, respectively (23). Nguyen et al. have identified all DEC groups in one study in Hanoi (40) . However, none of these studies included detailed characterization of DEC. In the present study, we sought to characterize DEC and Shigella species isolated from children in Hanoi, Vietnam, and to determine the role of DEC strains in diarrheal diseases.
MATERIALS AND METHODS
Specimen collection. During the period from May 2001 to May 2002, stools were collected from children aged 3 months to 5 years at the St. Paul Hospital in Hanoi. Written informed consent was obtained from the parents or guardian of each child. A total of 291 children with diarrhea and 291 age-matched controls were included in the original study (9) . However, in our study only stool samples from 249 cases and 124 controls were analyzed for DEC and Shigella spp. due to limited resources available in the laboratory. Diarrhea was defined as (i) at least three loose (or watery) stools within 24 h, regardless of other gastrointestinal symptoms; (ii) two or more loose stools associated with at least one other symptom of gastrointestinal infection (abdominal pain, cramping, nausea, vomiting, and fever); or (iii) passage of a single loose stool with grossly evident blood and/or mucous (25) . Two independent episodes were separated by at least 3 days of being diarrhea-free. An episode was considered persistent if it lasted for more than 14 days. Clinical symptoms such as nausea, vomiting, fever, and dehydration, as well as the medical history and previous treatment, were recorded on study forms. Children within the same age group who were seen at the same hospital for noninfectious causes and had no history of diarrhea in the preceding 2 weeks served as controls.
Microbiological analysis. Within the day a case or control was ascertained, stool samples were collected in plastic containers and Cary-Blair transport medium (Difco Laboratories, Detroit, MI). In the microbiological laboratory at St. Paul Hospital, stool samples were spread on MacConkey and Hektoen enteric agar plates (Difco Laboratories) and incubated at 37°C until transportation to the laboratory of the National Institute of Hygiene and Epidemiology (NIHE), in Hanoi, Vietnam, within the day of collection. Stools in Cary-Blair transport medium were stored at 4°C until being shipped at cold conditions to the Armed Forces Research Institute of Medical Sciences (AFRIMS) in Bangkok, Thailand at the end of each week.
Shigella, Salmonella, Vibrio, and Campylobacter spp. were identified by standard microbiological methods at the laboratory of the NIHE during the day after sample collection. All enteric pathogens isolated by the NIHE were stored and subsequently confirmed by similar characterizations at the AFRIMS in Bangkok, Thailand (9, 68) .
Characterization of diarrheagenic E. coli by multiplex PCR and dot blot hybridization. Up to five colonies from each sample were pooled in a multiplex PCR with eight different primers (Table 1) at the NIHE to identify the DEC type as previously described (22) . The criteria for determining the different DEC types by PCR were as follows: the presence of eltB and/or estA genes for ETEC, the presence of vtx1 and/or vtx2 for VTEC, the presence of eae for A/EEC and EPEC, the presence of bfpA for typical EPEC plasmids, the presence of ipaH for EIEC and Shigella, and the presence of aatA (formerly CVD432) for EAggEC. If the pooled DNA template result was negative after gel electrophoresis, the sample was considered negative for DEC. If bands were seen after gel electrophoresis, the band sizes were compared to the sizes of marker bands to identify the DEC type. If a mixed bacterial culture was PCR positive then the DEC type was determined for individual E. coli isolates collected from the slant agars and subcultured onto MacConkey agar before PCR with single primer sets.
In parallel at the AFRIMS in Bangkok, stools in Cary-Blair transport medium were cultured, and enteric pathogens were identified by standard methods (9) . In addition, up to five E. coli colonies per fecal sample were randomly picked and tested for DEC (ETEC, EIEC, A/EEC, EPEC, and VTEC) by the DNA hybridization technique (9) using specific digoxigenin-labeled DNA probes to detect estAh, estAp, eltB, ial, eae, bfpA, vtx1 (SLTI), vtx2 (SLTII), and plasmid marker CVD432 for EAggEC (Table 2) . Further characterization at the AFRIMS included EPEC adherence factor EAF (15) .
All DEC-positive strains from the NIHE and the AFRIMS were stored in soft nutrient agar at room temperature (6) until transfer to the Statens Serum Institut (SSI), Copenhagen, Denmark, took place. Confirmation of the DEC types by dot blot hybridization (Table 2 ) was done as previously described (22), and further characterization was done with the virulence genes and plasmids astA (51), ehxA (32) , daaC (8) , and EPEC adherence factor EAF (35) . All confirmed dot blotpositive E. coli strains were further characterized as described below. Serotyping. Identification of somatic (O) and flagellar (H) antigens was done by tube and microtiterplate agglutination with specific antisera O1-O181 supplemented with presumptive new O groups OX182-OX186 and H1-H56 as previously described (45) . E. coli strains (vtx negative) reacting with the eae probe belonging to one of the classical EPEC serotypes (O26:NM, O26:H11, O26:H34, O55:NM, O55:H6, O55: H7, O86:NM, O86:H34, O111:NM, O111:H2, O111:H25, O114:NM, O114:H2, O119:NM, O119:H2, O119:H6, O125:H-, O125:H6, O125:H21, O126:NM, O126: H2, O126:H21, O126:H27, O127:NM, O127:H6, O126:H21, O128:NM, O128:H2, O128:H7, O128:H12, O142:NM, O142:H6, O158:NM, and O158:H23) were classified as EPEC (27) . Serotypes O39:NM, O88:H25, O111:H8, O111:H9, O126:H12, O127:H4, O145:H45, O157:H8, and O157:H45 were considered new EPEC strains (27) . Strains not belonging to these serotypes were classified as A/EEC. Strains reacting with EAF and/or bfpA were considered typical and, if they did not react with either of these two DNA probes, they were considered atypical.
Antimicrobial susceptibility testing by MIC. Antimicrobial susceptibility testing was done for 77 DEC and 22 Shigella spp. with Sensititre (Trek Diagnostic System, Ltd., East Grinstead, West Sussex, England), a commercially available MIC technique using dehydrated antimicrobials in microtiter wells. The wells were inoculated and incubated according to the Clinical and Laboratory Standards Institute (formerly the National Committee for Clinical Laboratory Standards) (38) . The MIC was defined as the lowest concentration of antimicrobial with no visible bacterial growth and the breakpoints used are shown in Table 3 . The E. coli ATCC 25922 was used for quality control, and the MICs for the strains were evaluated in accordance to Clinical and Laboratory Standards Institute guidelines.
PFGE. The PulseNet method of the Centers for Disease Control and Prevention (49) was used for pulsed-field gel electrophoresis (PFGE) typing of the E. coli isolates. The XbaI restriction enzyme was used for genomic DNA digestion, and fragments obtained were resolved by using a contour-clamped homogeneous electric field CHEF-II Mapper (Bio-Rad, Hillerød, Denmark). DNA band patterns were visualized by UV illumination, photographed, analyzed, and compared using Gel Compar II software (Applied Maths, Kortrjik, Belgium). We used the band-based Dice similarity coefficient and a UPGMA (unweighted pair-group method with arithmetic averages) geometric matched analysis dendrogram type with a position tolerance setting of 1.5% for optimization and position tolerance of 1.5% for band comparison.
Data analysis. A total of 373 stool specimens (249 cases and 124 controls) out of 291 cases and 291 controls were analyzed for Shigella and DEC in the present study due to logistic matter. The chi-square test with Yates' correction or the Fisher exact test if any expected value were Ͻ5 was used to determine the statistical significance between case and control groups (EPI INFO version 6.04). A P value of Ͻ0.05 was considered significant.
RESULTS AND DISCUSSION
Campylobacter and Salmonella spp. were found among 4 and 7% of the cases, respectively, and have been reported elsewhere (9) .
Shigella. Twenty-one Shigella strains were isolated, including Shigella flexneri, S. dysenteriae, and S. sonnei from the diarrhea group and one S. flexneri 2a from the control group. Shigella was the most important bacterial pathogen associated with diarrhea (Table 4 ; P Ͻ 0.05), accounting for 8.5% of the cases with diarrhea. This is similar to other findings (3, 44, 66, 70) . Clinically, the infection was characterized by fever (62%), 48% had watery diarrhea and vomiting (see Table 6 ). The prevalence of S. sonnei in children less than two years of age was 4.2% compared to 21% in the older children (P Ͻ 0.05).
Genotypes of DEC. E. coli colonies from a total of 373 stool specimens (249 cases and 124 controls) were available to identify DEC by multiplex PCR at the NIHE in Hanoi. Multiplex PCR yielded 45 positive specimens. Dot blot hybridization at the AFRIMS yielded additional 32 positive samples (28 eae and 4 ETEC), giving a total of 77 samples with DEC. Dot blot hybridization performed at the SSI of these 77 positive samples confirmed the combined characterizations done at NIHE and AFRIMS (Table 5 ). All statistical analyses for DEC were based on these results.
The use of CVD434 for the E. coli attaching-and-effacing gene eae hybridization with 1-kb product (28) could be the reason for the higher number of eae-positive samples in dot blot hybridization at AFRIMS compared to PCR at the NIHE. A search of GenBank indicated that variants of intimin eae genes: ␤1, ␥1, ε1, R/2, , B, and B shared sequence homology of only 60 to 90% with the primer pairs used in the NIHE multiplex PCR (alignment applied by www.ebi.ac.uk /emboss/align/index.html). Further analysis of the strains that were positive by dot blot hybridization and negative by PCR would require sequencing or further subtyping of the eae genes negative by PCR and is beyond the scope of the present study. However, the observed discrepancy illustrates the difficulties associated with the appropriate choice of PCR primers for genes where polymorphism is known to occur. The enterotoxins LT and ST of ETEC are encoded by genes located on plasmids (36) . The reason for the discrepant results for ETEC could be loss of the virulence plasmids genes. This kind of loss is not a rare observation either during in vitro storage or even during in vivo experiments (10, 33, 34) . Furthermore, the relatively comparison between multiplex PCR and dot blot hy- Detection of virulence genes could also depend on unequal amounts of colony culture in the pool or simply missing the DEC colony on the plate for the PCR. DEC was recovered more often from 249 children with diarrhea than from 124 healthy controls (P Ͻ 0.05, Table 4 ). Two weeks were rather short for including healthy controls because it is not known how long the pathogens reside in the colon after an infection, but only EAggEC and A/EEC were found in controls. This emphasizes the importance of further studies on the persistence and colonization of these two DEC groups.
Most of the cases had watery diarrhea (73%). Half of the cases had fever ( Table 6 ). The mean age of DEC-infected patients was 1 year. The rate of different DEC categories is shown in Table 4 . A/EEC was the most frequently identified DEC type and were relatively more common in cases (9.2%) than in controls (5.6%). However, the identification of A/EEC at the present level using only the eae gene is clearly insufficient, and a much more in-depth characterization is warranted, together with information on clinical manifestation. Our finding is in contrast to findings from Australia, Iran, and Brazil, where A/EEC was associated with diarrhea (4, 44, 50) , but in accordance with other studies (1, 2, 31, 36, 55) . The astA was detected only in cases with A/EEC. This virulence marker may be a useful tool for diagnosing A/EEC pathogenic strains (13, 71) . Classical EPEC serotypes were found more often among the cases (2.8%) than controls (0.8%), but the association with diarrhea was not statistically significant (Table 4 ). This is in contrast to a number of case-control studies which found that EPEC is associated with diarrhea (4, 12, 30, 36, 44) . Only two eae-positive strains were positive for bfpA, a finding similar to what has been shown by others (56) . EPEC and VTEC share eae but the main virulence factor to define VTEC is vtx. In the present study, we did not find any VTEC strains, which is similar to the findings of other studies (3, 41, 67) . Some studies suggest that in developing countries VTEC is much less frequently isolated than other DEC strains, such as ETEC or EPEC (36) . In the present study, ETEC was associated with diarrhea (P Ͻ 0.05), although the prevalence of only 4% in cases in the present study was lower than the 16 to 18% demonstrated by others (3, 64) . However, other investigators have shown a similar low prevalence of ETEC in children with diarrhea (41, 44, 50) . In addition to ETEC, EAggEC is an increasingly recognized cause of diarrhea worldwide, especially in developing countries (36, 37) . In the present study, EAggEC was not associated with diarrhea (P ϭ 0.1). Several studies support this association (3, 41, 50) , whereas others did not find EAggEC to be associated with diarrhea (18, 44, 53) . The aatA (CVD432) is the standard gene probe to diagnose EAggEC, but it should be noted that the sensitivity of CVD432 varies from 15 to 90% in different locations (43) and that other genes, such as the aggR regulator, should also be used in order to detect a wider range of EAggEC.
We found a low frequency of EIEC; thus, EIEC cannot be considered a main cause of childhood diarrhea in Hanoi (44) .
Serotyping. A total of 51 serotypes were isolated from the 59 cases and 13 controls (Table 5) . Forty-one and ten serotypes were distributed among the cases and controls, respectively. Flagellum type H4 predominated in the controls (5 of 13), whereas H10 was observed only in cases. In 21 nonmotile strains, only one strain was isolated from a control. Two EIEC strains were isolated from diarrhea cases and belonged to classical EIEC serotype: O28ac:NM and O136:NM. Ten ETEC strains belonged to six common serotypes of human ETEC strains. Classical serotypes of EPEC were found in five cases (two O26:NM cases, two O128:NM cases, and one O114: H25 case) and an O55:H7 control. Two new EPEC serotypes O145:NM and O114:H25 were found in three cases. In contrast to the classical EPEC strains, the distribution of serotypes among A/EEC strains showed a great variation. A new O antigen (OX186) currently under investigation was found in a case of A/EEC. A high degree of diversity of O:H serotypes was observed among EAggEC from both cases and controls. (10) 26 6 (60) 1 (10) 6 (60) 2 (20) 6 (60) EIEC (2) 29 (20-38) 2 (100) 0 2 (100) 1 (50) 2 (100) Shigella spp. (21) 22 10 (48) 4 (19) 13 (62) 7 (33) 10 (48) a n, Number of isolates.
Antimicrobial susceptibility testing. The overall results from the antimicrobial susceptibility testing for DEC are shown in Fig. 1 . Resistance to antimicrobials commonly used to treat diarrhea such as ampicillin (AMP), chloramphenicol (CHL), streptomycin (STR), tetracycline (TET), trimethoprim (TMP), and sulfamethoxazole (SMX) was observed in all DEC types. In addition, EAggEC strains were also resistant to other antimicrobials; three strains were resistant to nalidixic acid (NAL), one strain was resistant to neomycin (NEO), six strains were resistant to cefpodoxime (CPD), and five strains were resistant to ceftiofur (XNL). Resistance to ciprofloxacin (CIP) and NAL in DEC was 5%, which was lower than that determined in a recent study by Nguyen et al. (40) , who found that 18.5% of DEC strains isolated in Vietnam were resistant to quinolones.
Nineteen of twenty-two Shigella strains (86%) were multiresistant to SMX, spectinomycin (SPT), STR, TET, and TMP; nine of these strains showed an additional resistance to AMP and CHL. Our study is in accordance with several other studies that reported multiresistance of Shigella to commonly used therapeutic antimicrobials (5, 25, 26, 40) . Except for amoxicillin-clavulanic acid (AMC) exhibiting moderate activity to Shigella, other antibiotics were still active against this pathogen. Three remaining strains were sensitive to all tested antimicrobials.
There were no significant differences in antimicrobial resistance in DEC and Shigella strains from children with diarrhea compared to strains from control children (data not shown). The susceptibility testing with commonly used antimicrobials for diarrhea treatment (AMP, SMX, TMP, TET, and STR) resulted in MICs for strains determined as resistant twice as high as the breakpoint values (Ͼ32, Ͼ1,024, Ͼ32, Ͼ32, and Ͼ64 g/ml, respectively), which showed a low activity of these antimicrobials against DEC and Shigella strains (40) . However, in contrast to other studies (24, 40) , the quinolones (e.g., NAL and CIP) can still be used for treatment in case the enteropathogens are resistant to traditionally used antibiotics. An immediate concern is the need for an effective and inexpensive antimicrobial agent that can be used safely for the treatment of children with diarrhea, especially in developing countries such as Vietnam.
PFGE. All of the isolates were analyzed by PFGE to assess their clonal relatedness. Two isolates could not be typed by PFGE; the rest showed 65 different patterns that differed by more than three bands ( Fig. 2 and Table 5 ). Not surprisingly, strains of the same DEC pathotype and serotype were closely related since they were isolated only from cases with diarrhea. In accordance with our previous study (22) , ETEC and EAggEC strains of the same serotype, same genotype, and same group of case or control showed high similarity in their PFGE patterns. For example, the similarity in PFGE patterns for the two cases with O64:NM eltB was 92%. The two cases with O6:H16 astA, eltB, and estA showed 91% similarity, the two cases with the O141ac:H10 eltB had 98% similarity, and the two controls O153:H4 aatA and astA had 92% similarity in PFGE patterns. Low similarity was, however, observed among A/EEC and EPEC strains of the same serotype and virulence type that occurred in both cases and controls. There were three cases and one control of O34:H31 eae (70%), and two cases and one control of O14:NM eae (80%). EAggEC and EPEC strains of the same serotype but different virulence types also showed low similarity by PFGE, such as two cases of O25:H4 aatA and O25:H4 aatA and DA (65%), and two cases of O26:NM eae and O26:NM eae bfpA (71%) (Fig. 2) . However, two EPEC strains, as well as six EAggEC strains, of different serotypes were closely related by PFGE. Two cases of O rough: H10 aatA and O15:NM aatA and astA, O59:H10 aatA and O rough:H10 aatA, and O118:H5 eae and O3:H51 eae were 90 to 94% similar by PFGE. Such similarities in PFGE patterns has been observed previously among EPEC, ETEC, and EAggEC strains in India (29) .
In conclusion, the characterization of DEC strains showed a high level of resistance to commonly used antimicrobials for treatment of diarrhea and a high diversity of serotypes. Classical serotypes were found in EIEC, ETEC, and EPEC. In consideration of the result of serotypes, virulence genes, antimicrobial susceptibility, and PFGE patterns, our study showed that E. coli strains of the same pathotype or the same serotype are not monophyletic and do not cluster according to any of the studied features. Characterization of A/EEC, the most frequently identified of all DEC, did not reveal marked differences in serotypes, the presence of virulence genes, or antimicrobial resistance between cases and controls, except for the presence of astA in cases. Specific virulence genes for EPEC were not identified either. Therefore, serotyping is still necessary in order to distinguish between classical EPEC, new EPEC, and A/EEC. To our knowledge, this is the first report regarding clonal analysis using a molecular approach for DEC strains isolated from a hospital in Vietnam. However, molecular epidemiological studies in several locations and detailed characterization of DEC are required before we can arrive at any conclusion on their relative roles as causes of diarrhea. These studies are ongoing.
